maintain an endogenous reserve of phosphoenolpyruvate (PEP), 3-phosphoglyceric acid, and 2-phosphoglyceric acid. The presence of this intracellular PEP pool has permitted the study and characterization of sugar:phosphotransferase systems (PTS; 10, 16, 31) in physiologically intact cells. In S. lactis, non-metabolizable sugar analogs, e.g., 2-deoxy-D-glucose (2DG) and methyl-,-D-thiogalactopyranoside (TMG) (see references 20 and 42 for TMG transport by the atypical strain S. lactis 7962), are transported by mannose-PTS and lactose-PTS, respectively. The phosphorylated derivatives accumulate intracellularly to a concentration of 30 to 40 mM (36, 42) . Similarly, when starved cells are treated with iodoacetate (to inhibit glycolysis via inactivation of glyceraldehyde 3-phosphate dehydrogenase [36]), glucose 6-phosphate and galactose 6-phosphate accumulate upon incubation of the cells with glucose or galactose (37, 38) . High levels of intracellular sugar phosphates are not maintained by the cells, however, and a decline in the intracellular concentration of these derivatives occurs simultaneously with appearance of free sugar in the medium. The half-times for efflux of 2DG, TMG, and galactose from cells previously loaded with 2DG 6-phosphate (2DG-6P), TMG-6P, and galactose 6-phosphate are approximately 3, 11, and 3 min, respectively. Studies by Thompson and Saier (41) and Thompson and Chassy (39) indicated an intracellular locus for the dephosphorylation process, and additional evidence of intracellular sugar phosphate:phosphohydrolase activity in vivo was obtained from studies concerned with the bacteriostatic effect of 2DG upon S. lactis (39, 40) . Inhibition of growth was attributed to the dissipation of PEP 70
This report describes the purification of an intracellular hexose 6-phosphate (H6P):phosphohydrolase (EC 3.1.3.2) from S. lactis Kl. Some of the kinetic, biochemical, and physical characteristics of the phosphohydrolase are presented, and a role for the enzyme in the regulation of sugar metabolism is proposed.
MATERIALS AND METHODS Organism and growth conditions. S. lactis Kl (a typical group N streptococcus) was obtained from the culture collection of the New Zealand Dairy Research Institute, Palmerston North, New Zealand. Cells were grown, and frozen cultures were maintained in the complex medium described previously (41) .
Enzyme assays. H6P:phosphohydrolase activity was routinely determined by a modification of the procedure of Thompson and Chassy (39) After incubation at 37°C for 60 min, the reaction was terminated by transfer of 90 ,ul of reaction mixture to a polyprppylene microcentrifuge tube containing 0.95 ml of distilled water and 0.25 ml of Dowex-1-acetate ionexchange resin. The suspension was mixed thoroughly, and the resin was removed by sedimentation in a Beckman microfuge. Enzyme activity was calculated from the [14C]2DG present in 0.9 ml of supernatant fluid. The sample was mixed with 10 ml of Hydrofluor liquid scintillation cocktail, and radioactivity was determined with a Packard Tri-Carb 2660 LS spectrometer. Enzyme activity (micromoles of ['4C]2DG-6P hydrolyzed or [14C]2DG formed per milligram of protein per minute) was directly proportional to protein concentration, and the reaction proceeded at a linear rate for at least 60 min. In kinetic analysis, the concentration range of [14C]2DG-6P was varied from 1 to 50 mM. In studies of substrate specificity, unlabeled phosphate compounds were present in the assay at a final concentration of 10 mM, and Pi was determined by the colorimetric micromethod of H0rder (19) . The standard assay system (1 ml) for nonspecific phosphatase activity contained 100 mM MES buffer (pH 6.0), 5 mM p-nitrophenylphosphate, 5 mM MgSO4, and enzyme protein. After 60 min of incubation at 37°C, the reaction was terminated by addition of 2 ml of 1 M Na2CO3 solution. The absorbance of the sample at 420 nm was recorded on a Gilford 300N spectrophotometer, and p-nitrophenol was determined by reference to a standard curve.
Purification of H6P:phosphohydrolase. (i) Growth of cells. S. lactis Kl was grown at 32°C for 16 h in two 10-ml volumes of complex medium containing 5 mM 2DG and 14 mM sucrose as the energy source. Samples (0.5 ml) of the culture were transferred to each of 15 bottles containing 800 ml of freshly prepared medium. The organisms were grown without aeration at 32°C until stationary phase (ca. 16 h). The cultures were then chilled in an ice bath, and the cells were harvested by centrifugation (13,000 x g for 15 min at 4°C) in a Sorvall GS-3 rotor. The supernatant fluids were discarded, and the cell pellets were washed twice by resuspension and centrifugation from 2x 200-ml volumes of 0.1 M N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) buffer (pH 7.3) containing 1 mM EDTA, 1 mM dithiothreitol, and 5 mM MnSO4 (HEDM buffer) at 0°C. A final yield of 49 g (wet weight) of cells was obtained from the 12 liters of culture.
(ii) Preparation of cell extract. All purification procedures were conducted at 0 to 4°C. The wet cell pellet was resuspended to a volume of 140 ml in HEDM buffer at 0°C and mixed with 375 g of 0.10-to 0.17-mm glass beads prewashed in HEDM buffer. The cells were disrupted by 2x 3-min periods of vigorous agitation in a Bead beater (Biospec Products, Bartlesville, Okla.) previously chilled to 0°C (38) . A 3-min period of cooling was allowed between the periods of agitation. The beads were permitted to settle, and the supernatant fluid was decanted and retained. The beads were rinsed with 50 ml of HEDM buffer, and the wash fluid was added to the previous supernatant. Residual intact cells and cell debris were removed by low-speed centrifugation (27,000 x g for 30 min at 4°C). The supernatant fluid (ca. 190 ml) was collected and further clarified by high-speed centrifugation (220,000 x g for 2 h), using a type 60 Ti rotor in a Beckman L2-65B ultracentrifuge. The cell-free extract was transferred to membrane dialysis sacs (Spectrapor no. 1; 14.6-mm dry cylindrical diameter; molecular weight cutoff, 6,000 to 8,000). The samples were dialyzed overnight at 4°C against two changes of 4 liters of 20 mM HEPES buffer, pH 7.3, containing 1 mM dithiothreitol, 1 mM EDTA, and 5 mM MnSO4. The retentate was clarified by centrifugation at 27,000 x g in a Sorvall SS34 rotor for 20 min at 4°C. The cell extract was concentrated under 50 lb/in2 of N2 gas by Diaflo ultrafiltration (Amicon YM-30 membrane) to a volume of 80 ml.
(Iii) DEAE-Sephacel chromatography I. The 80 ml of cell extract was transferred (at a flow rate of 1.6 ml min-1) onto a DEAE-Sephacel anion-exchange column (2.3 by 40 cm) previously equilibrated with HEDM buffer. After 27 fractions (10 ml per fraction) had been collected, the absorbed proteins were eluted with a complex gradient (formed by an LKB model 11300 Ultrograd mixer) of 0.1 to 0.40 M KCI in HEDM buffer. The absorbance of the eluate at 280 nm was recorded with an Isco model UA-5 absorbance-fluorescence detector. Samples (100 ,ul) of alternate fractions were assayed for H6P:phosphatase and PNPP phosphatase activities.
(lv) Ultrogel AcA54 gel filtration chromatography.
Fractions 76 to 84 from the previous step which contained H6P:phosphatase activity were pooled and concentrated to 7 ml by pressure ultrafiltration through an Amicon PM-30 membrane. A 5-ml sample of concentrated extract was transferred to minidialysis sacs and further reduced to a volume of 3 ml by using Carbowax 20, 000 (polyethylene glycol 20M). After addition of 0.5 ml of glycerol, the enzyme preparation was chromatographed on the Ultrogel AcA54 column these were pooled (46 ml) and concentrated to 3 ml by Diaflo ultrafiltration. Molecular weights of the two phosphatases were estimated from plots of peak elution volume versus log M, prepared with a series of known standards (2) .
(v) DEAE-Sephacel chromatography H. The concentrated enzyme from Ultrogel AcA54 chromatography (3 ml) was applied to a second DEAE-Sephacel column (1.4 by 30 cm) which previously had been equilibrated in HEDM buffer containing 0.1 M KCI. The absorbed materials were eluted with a gradient of KCI as described previously for DEAE-Sephacel step I.
The flow rate was 45 ml1 h and 9-ml fractions were collected. The H6P:phosphatase eluted shortly after the start of the KCI gradient (0.13 M KCI) in the second of three sharply defined protein peaks. Approximately 80%o of the total enzyme activity applied to the column was recovered in fraction 15. This fraction was concentrated in a 10-mI Amicon concentration system to a final volume of 3 ml. This preparation (30 VisuaHzation of protein and phosphohydrolase activities in gels. Neutral 7.5% polyacrylamide tube gels were prepared with 50 mM bis-(2-hydroxyethyl)iminotri(hydroxymethyl)methane (BIS-TRIS) buffer (pH 7.2) containing either 5 mM MgSO4 or 1 mM EDTA. No stacking gel was used with the neutral gel system, and the gels were pre-electrophoresed overnight at 50 V. Before electrophoresis, samples were dialyzed against 5 mM HEPES buffer (pH 7.3) containing either 2.5 mM MgSO4 or 1 mM EDTA and, after freezedrying, were reconstituted in a minimum volume of distilled water. After application of the samples electrophoresis was performed (4 h, 80 V), using a neutral running buffer of 0.2 M BIS-TRIS (pH 7.2) containing 5 mM MgSO4 or 1 mM EDTA. Protein bands were visualized by staining with Coomassie blue R-250 by the procedure of Diezel et al. (9) . H6P:phosphohydrolase activity in gels was detected by a modification of the method of Allen and Hyncik (1). The gels were soaked for 15 min at 37°C in 50 mM MES buffer (pH 6) containing 5 mM MgSO4 and 50 mM glucose 6-phosphate. The substrate solution was changed, and incubation was continued for another 15 min. Pi liberated by the enzyme was localized by the lead nitratesodium sulfide conversion method described previously (1, 21 
RESULTS
Enzyme purification. We found previously (39) that cell extracts of S. lactis 133 catalyzed the hydrolysis of 2DG-6P. The extract prepared from strain Kl hydrolyzed both p-nitrophenylphosphate and 2DG-6P. To determine whether a hexose phosphate-specific enzyme was present, we attempted to purify the enzyme from nonspecific phosphatase(s). After chromatography of a high-speed supernatant on DEAE-Sephacel, two phosphatase activities were detected (Fig. 1) . The enzyme present in the peak eluting at 0.16 M KCl (fractions 60 to 75) hydrolyzed p-nitrophenylphosphate, whereas H6P:phosphatase activity was found in the peak eluting at 0.18 M KCl (fractions 76 to 84). These two activities were pooled separately, and after concentration each was subjected to gel permeation chromatography on Ultrogel AcA54. The p-nitrophenylphosphate:phosphohydrolase emerged at an elution volume corresponding to a protein of Mr 53,000 (data not shown). The H6P:phosphatase activity eluted in fractions (94 to 102) corresponding to an Mr of 36,500 (Fig. 2A) . The ). Aliquots of fractions were assayed for both H6P:phosphohydrolase activity (0; hatched peak) and PNPP-phosphohydrolase activity (@). (Fig. 2B) . The second of the three sharply defined protein peaks (fraction 15) contained 80% of the enzyme applied to the column. The final preparation represented a 6% overall recovery and an 860-fold purification of the H6P:phosphatase (Table 1 ). The purified enzyme remained fully active for at least 3 weeks at 4°C in HEDM buffer and retained ca. 90% activity after lyophilization or freezing (-200C) .
Protein analyses and activity staining by PAGE. To assess the degree of purity of the enzyme, samples from different stages of purification were analyzed by PAGE (Fig. 3, lanes A  to D) . Coomassie blue staining of the final preparation (Fig. 3, lane D) revealed one major and one minor protein band. To determine which (if any) of the components represented the enzyme, attempts were made to stain for H6P:phosphohydrolase activity in situ or after elution of the proteins from the basic gels. These experiments were unsuccessful. A neutral gel system was then used in an attempt to stabilize the enzyme during electrophoresis. It was possible to detect phosphohydrolase activity with enzytne purified through the first DEAE step, using the neutral system containing 5 mM MnSO4, but no activity was detectable in gels loaded with preparations purified through the Ultr6gel AcA54 step (data not shown). It was subsequently found that the stability of the enzymne was enhanced by omission of the stacking gel and by pre-electrophoresis of the resolving gel. When the final preparation ( (Fig. 3, lane F) but the minor lower band was inactive. When 5 mM MgSO4 was included in the gel and in the electrophoresis buffer, diffuse but noncoincident bands for protein and activity ' Under the same assay conditions the specific activity of the enzyme before dialysis was 2.28.
enzyme purification it was found that the H6P:phosphohydrolase was inactivated during passage through Ultrogel AcA54. However, active enzyme was recovered upon inclusion of a divalent metal (Mg2+ or Mn +) in the HEPES elution buffer. Subsequently, 5 mM Mn2+ was included in all preparation buffers together with 1 mM dithiothreitol. The essential requirement of a divalent cation for enzyme stability and activation was demonstrated after dialysis of the preparation against EDTA ( Table 2 ). The enzyme specifically required a divalent cation for activation, and this requirement could be satisfied by any one of the following: Mg2+, Fe2+, Co2+, or Mn2+. Other metal ions, including Pb2+, Cu2+, Zn2+, Cd2+, Ca2+, Sr2+ Ba2+, and Ni2+, failed to activate the phosphatase, and the first four cations were potent inhibitors. In the standard assay a significant basal level of enzyme activity (Fig. 4A ) occurred due to the The inset shows an Eadie-Hofstee transform of the same data. Mn2+ ion concentration up to 1 mM (Fig. 4A ), but at levels > 5 mM Mn + was inhibitory. In contrast, Mg2+ was slightly less effective than Mn2+ in activating at low concentrations, but the former cation did not inhibit at higher concentrations.
Fluoride inhibition. Previous studies (39) showed that (i) efflux of 2DG from cells preloaded with 2DG-6P was inhibited by fluoride (F-) ion and (ii) an F--sensitive sugar phosphate phosphatase was present in crude cell extracts. Fluoride ion also inhibited the purified enzyme, but the degree of inhibition by the halide was dependent upon the nature of the divalent cation present in the assay (Table 2) . When Mg2+ was included in the system, 1 and 5 mM F-caused 50 and 98% inactivation, respectively. No detectable 2DG-6P hydrolysis occurred in the presence of 10 mM NaF ( Fig. 4B ; Table 2 ). However, when Mn2+, Fe2+, or Co2+ served as the activator, 10 mM F-inhibited the enzyme activity by only 10 to 15%. Furthermore, inhibition by the combination of Mg2+ plus F-was completely and specifically reversed by Fe2+ ion (Fig. 4C) .
Inhibitor studies. The sulfhydryl (-SH) reagents N-ethylmaleimide, iodoacetate, and iodoacetamide caused no significant inhibition when present in the assay at a final concentration of 10 mM. A number of compounds were tested for their capacity to modify the activity of the H6P:phosphohydrolase. It was found that 25 mM PEP and 2,3-diphosphoglyceric acid reduced the rates of 2DG-6P, galactose 6-phosphate, glucose 6-phosphate, and fructose 6-phosphate hydrolysis by 50%, but equivalent concentrations of 2-and 3-phosphoglyceric acids were either without effect or were slightly stimulatory (data not shown). Both arsenate and Pi (25 mM) inhibited the enzyme by 50%. Free sugars and other glycolytic metabolites had no significant effect upon the activity of the phosphatase.
Substrate specificity and kinetic parameters.
The dependence of the rate of 2DG-6P hydrolysis upon substrate concentration was studied in the presence of 25 mM Mg2+ (Fig. 4D) , and the kinetic parameters determined were as follows: Km = 11 mM and Vmax = 21 ,umol of 2DG-6P hydrolyzed mg of protein-1 min-1. The specificity of the enzyme was determined from the rate of Pi liberation from a wide range of potential substrates, including sugar phosphates, phosphorylated glycolytic intermediates, and nucleotides (Table 3) . With the exception of ribose and ribulose 5-phosphates, only hexose 6-phosphates were readily hydrolyzed by the enzyme.
The hexose and hexulose 1-phosphates were cleaved at <10% the rate of the corresponding 6-phosphate derivatives, and fructose 1,6-diphosphate and glucose 1,6-diphosphate were hydrolyzed more slowly than their fructose and glucose 6-phosphate counterparts. The marked preference of the enzyme toward H6P substrates is clear from the data in Table 3 . Neither pnitrophenylphosphate, nucleotides, pyrophosphate, nor other glycolytic intermediates were readily hydrolyzed by the enzyme.
DISCUSSION
We have described the purification of an intracellular H6P:phosphohydrolase from S. lactis Ki. Chromatography on DEAE-Sephacel resolved this enzyme from a p-nitrophenylphosphate:phosphohydrolase of approximate Mr 53,000, and the sugar phosphate phosphatase was further purified by gel permeation chromatography and a second DEAE-Sephacel step. PAGE and SDS-PAGE indicated that the final preparation was nearly homogeneous. The apparent Mr estimated from the two gel filtration methods (Ultrogel and HPLC) was 36,500, but SDS-PAGE revealed a single polypeptide of Mr 60,000. The latter technique appears to be a more reliable index of Mr (43) and may provide the best estimate for that of the phosphohydrolase. The anomalous behavior on gel filtration may indicate either (i) deviation in structural form of the enzyme from the more globular proteins used as size standards or (ii) an adsorptive interaction between the protein and gel matrix resulting in retardation and, hence, in an underestimation of molecular weight.
The purified enzyme showed a marked preference for sugar phosphates containing the phosphoryl group at C-6 of the hexose molecule. Glucose 1-phosphate and galactose 1-phosphate were hydrolyzed at <2% of the rate of the corresponding 6-phosphate isomers (Table 3) . A free hydroxyl group at the C-1 (anomeric) center facilitates rapid cleavage of sugar phosphate substrates, since (i) addition of a second phosphate group (i.e., glucose 1,6-diphosphate, fructose 1,6-diphosphate) considerably reduced the rate of hydrolysis and (ii) P1 liberation from TMG-6P (-S -CH3 substitution at C-1) was 90% slower than that observed from galactose 6-phosphate. Previously we had shown that starved cells of S. lactis contained high levels of 2-and 3-phosphoglyceric acids as well as PEP, and these glycolytic intermediates (total concentration, ca. 30 to 40 mM) were maintained by the cells for many hours (27, 42) . The three intermediates were not hydrolyzed by the purified phosphohydrolase (Table 3) . The results of this investigation and high-resolution 31P-nuclear magnetic resonance experiments with whole cells (J. Thompson and D. Torchia, unpublished data) indicate that the enzyme functions primarily as a phosphohydrolase, with water serving as acceptor for the phosphoryl (leaving) group. Free sugars could not replace water as phosphoryl acceptor, and we have been unable to demonstrate phosphotransferase activity with the bacterial enzyme. This behavior contrasts with that of the bifunctional glucose 6-phosphate: phosphohydrolase described by Nordlie (for review, see reference 29) which in mammalian cells exhibits both phosphohydrolase and phosphotransferase activities. The purified enzyme from S. lactis required a divalent metal (Mg2", Mn2", Co2+, or Fe2+) for activation, and our observation that activity was rapidly lost upon omission of divalent cation (Mg"+, Mn2+) from the buffer during purification appears unique among hexose phosphate:phosphohydrolases. In addition, the enzyme exhibits some unusual interactions with metal and fluoride (F-) ions. For example, (i) significant inhibition by Foccurred only in the presence of Mg2+ (Table 2) , and (ii) inactivation by the combination of Mg2+ plus F-was immediately and specifically reversed by addition of Fe2+ to the assay system. The role of divalent metals in the enzymatic mechanism and the mode of F-inhibition are not known. However, the observation that Finhibits the hydrolysis of 2DG-6P and TMG-6P in preloaded cells (39, 41) suggests that Mg2+ ion may be the physiologically important metal activator in vivo.
Data in Table 4 show that the enzyme prepared from S. lactis exhibits properties quite different from hexose phosphate:phosphohydrolases purified from Escherichia coli (11), Salmonella typhimurium (21, 22, 33, 44) , and Neisseria meningitidis (26) . This is particularly evident with respect to substrate specificity, F-sensitivity, and localization of enzyme activity. However, the studies of Koch (23), Gachelin (13) , Kundig (24), Winkler (45) , and Haguenauer and Kepes (14, 15) with E. coli and those of Hengstenberg et al. (18) with Staphylococcus aureus have demonstrated the presence of intracellular H6P:phosphohydrolase(s) in these bacteria (Table 4). The enzyme(s) has not been purified or extensively characterized, but Haguenauer and Kepes (14, 15) showed that a-methylglucoside 6-phosphate:phosphohydrolase activity was distinct from alkaline and other nonspecific phosphatases in E. coli. Furthermore, like S. lactis, the intracellular enzyme in E. coli was not saturated in vivo by the highest concentrations of a-methylglucoside 6-phosphate established by the EIIglI EIIIS1C PTS (31) . Kundig (24) suggested that the H6P:phosphohydrolase activity was a property of partially purified EIIIuac of the glucose-PTS, but recent data of Postma and coworkers (35) and Meadow and Roseman (28) indicate that the phosphatase and EII19c are separate entities which may have copurified during Kundig's isolation procedure.
Physiological functions. Recently we described a novel PEP-dependent 2DG futile cycle in S. lactis (39, 40) . The operation of this 2DG:2DG-6P cycle, like the a-methylglucoside:a-methylglucoside 6-phosphate cycle described previously in E. coli (13, 14, 45) , causes the dissipation of PEP due to an alternating sequence of phosphorylation and dephosphorylation of the analog (Fig. 5) . In growing cells of S. lactis the energetic deficiency results in bacteriostasis (39, 40) . It is our contention that the H6P:phosphohydrolase mediates the second stage of this futile cycle. Although recycling of a non-metabolizable glucose analog is depicted in Fig. 5 , it seems probable that futile cycling of metabolizable sugars may also occur in some strains of S. lactis exhibiting the Lac-Gald phenotype (7, 30) . Such isolates, which have been obtained from S. lactis 133, H1, and Clo (7) , lack the plasmid which encodes the genes necessary for lactose (20, 37) , thereby completing a futile cycle, or (ii) enter the Leloir pathway after phosphorylation by the ATP-dependent galactokinase. The hydrolysis of each molecule of galactose 6-phosphate Would result in a net loss of one molecule of PEP. In addition, the abnormally high galactose 6-phosphate concentration may impede the rate of galactose metabolism by the Leloir pathway. These two factors may, in part, account for the slower growth rate of Lac-Gald isolates on galactose.
Although galactose 6-phosphate, glucose 6-phosphate, and fructose 6-phosphate are substrates for the H6P:phosphohydrolase (Table 3) , it is unlikely that significant dephosphorylation of these glycolytic intermediates occurs during growth of wild-type strains because the intracellular concentrations of the compounds are considerably lower than the Km for the enzyme. It should also be noted that fructose 1,6-diphosphate, which is present in growing cells at a concentration of 15 to 30 mM (27, 36, 42) , was not readily hydrolyzed by the purified enzyme. In S. lactis the H6P:phosphohydrolase may play two important roles. First, the enzyme may serve as a detoxification mechanism for the hydrolysis (and eventual expulsion; 32, 39, 40) of potentially harmful and non-metabolizable sugar phosphates. Second, the phosphohydrolase may permit the cell to maintain the concentration of specific glycolytic intermediates (e.g., glucose 6-phosphate, fructose 6-phosphate) within acceptable limits during growth (see reference 12). Our studies with S. lactis, and those of Koch (23) , Kundig (24) , and Haguenauer and Kepes (14, 15) with E. coli, suggest an association of the H6P:phosphohydrolase with the bacterial PTS. It remains to be seen whether the enzyme is a regulatory component of the group translocation system or whether the phosphatase itself is subject to metabolic regulation.
